ABSTRACT. Changes in the lactate dehydrogenase (LDH) isozyme pattern of primary culture of neurons treated with botulinum C3 enzyme were examined in order to elucidate the functional changes accompanying the morphological change that follows ADP-ribosylation of Rho protein. Primary neurons were prepared from the cerebrum of ICR mouse embryos on day 15. Neurons were cultured in MEM with 10% fetal calf serum at 37°C. In the neurons treated with C3 enzyme, a typical morphological change was observed after 24 hr, and the LDH isozyme pattern was changed after 72 hr. The ratio of H-subunit to M-subunit in LDH was decreased by C3 treatment, suggesting the induction of a state of lower intracellular oxygen consumption in neurons in the primary cultures.-KEY WORDS: botulinum C3, C3 enzyme, LDH isozyme pattern, mouse neuron, primary culture.
are induced along with the morphological changes caused by C3 enzyme in order to obtain information useful for developing C3 enzyme as an exogenous differentiation factor for neurons.
Few studies have been reported on the relationship between differentiation and lactate dehydrogenase (LDH) isozyme change. In this study, we have attempted to analyze the LDH isozyme changes induced along with the morphological changes in primary cultured neurons, and discussed the potential of C3 enzyme in comparison with nerve growth factor (NGF) and N6, 2'-O-dibutyryl 3', 5'-cyclic monophosphate (DBcAMP).
MATERIALS AND METHODS
Purification of C3 enzyme: C3 enzyme was purified from the culture supernatant of Clostridium botulinum type C strain Stockholm as previously described [13] with a slight modification: high performance liquid chromatography (HPLC) with a Superdex-200 column (Amersham Pharmacia Biotech., Uppsala, Sweden) was carried out instead of gel filtration with a column of Sephadex G-100 superfine (Pharmacia) in order to prevent activity loss and to save time during the enzyme purification.
Preparation of cells for primary cultures: Primary neurons were prepared from the cerebrum of mouse (ICR) embryos on day 15. Cells were cultured in Eagle's minimum essential medium (MEM) supplemented with 10% fetal calf serum (FCS) in 95% air and 5% CO2 at 37°C. To inhibit the multiplication of glial cells, 10 µM (final concentration) cytosine β-D-arabinoside (araC) was added to the culture dish on the fourth day [11] .
Stimulation of cells: After 72 hr of treatment with araC, 30 µg/ml of C3 enzyme, 500 µg/ml of DBcAMP or 50 ng/ ml of NGF was added to the cultures. A buffer solution (Dulbecco's phosphate buffered saline (PBS), pH 7.4) was used for the control culture.
Botulinum C3 enzyme was first reported as a new type of botulinum toxin with an ADP-ribosyl transferase activity [1] . The C3 enzyme produced by Clostridium botulinum type C and D strains modifies GTP-binding proteins with molecular masses of 20-25 kDa (small G proteins) [1, 2, 12] , some of which have been identified as substrates [4, 5, 7, 14] . The C3 enzyme transfers the ADP-ribosyl residue to Asn41 of Rho protein [19] .
C3 enzyme has another unique function of inducing morphological changes in cells incubated with the enzyme. In neural cell lines such as PC-12 [15] , C6 and NG108-15 [8] , the shape of the cell body is changed and neurite outgrowth is induced when C3 enzyme is added to the culture medium. Furthermore, it has been reported that the microinjection of Rho protein ADP-ribosylated with C3 enzyme into cultured cells results in morphological change [17] .
Since the morphological changes of neural cells caused by C3 enzyme seem to indicate the differentiation of the cells, the effects of C3 enzyme on the induction of differentiation marker enzymes have been examined. C3 enzyme increases the differentiation marker enzymes choline acetyl transferase, acetylcholine esterase and 2', 3'-cyclicnucleotide 3'-phosphohydrolase in NG108-15 and C6 cell lines [8] . These facts suggest that C3 enzyme has a differentiation-inducing-like activity toward neurons.
Based on these informations, we expect that C3 enzyme has a potential medical use for treatment of neural disorders in which neural differentiation is necessary for recovery. However, the overall functional changes induced by C3 enzyme have not been clarified in detail. Further studies are required to determine what kind of functional changes Extraction of cytoplasmic proteins: Cytoplasmic proteins were extracted from the neurons incubated for 3 days with each stimulating agent. The dishes were washed three times with 5 ml of Dulbecco's PBS, and then supplemented with 500 µl of 20 mM Tris-HCl (pH 7.4) containing 1% Triton-X 100 at 32°C for 30 min. The partially solubilized cell suspension was transferred to a 1.5-ml plastic tube and sonicated at 28 kHz and 0°C for 1 min. Insoluble materials were removed by centrifugation at 10,000 × g and 0°C for 30 min. The protein concentration of the sample was determined by the method of Lowry et al. [10] using bovine serum albmin (BSA) as the standard.
Analysis of LDH isozymes: The LDH isozyme pattern was analyzed by polyacrylamide gel electrophoresis using 6% slab gels. Twenty-five to 50 µl aliquots of the samples (25 µg of protein) were applied per lane and electrophoresed at a constant current of 15 mA per gel at room temperature until the marker dye reached 5 mm from the bottom edge of the gel. The gel was incubated in the solution of an LDH isozyme measurement kit (Helena Lab., Urawa, Japan) at 37°C for 30 min, followed by densitometry performed at 575 nm using a Shimazu CS-9300 densitometer. Student's t-test method was applied to evaluate the significance of differences.
Protein analysis: Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12.5% gel was performed by the method of Laemmli [9] . The proteins in the gels were stained with silver stain using a commercial kit, Silveststain, according to the manufacturer's protocol for the kit (Nacalai tesque, Kyoto, Japan), followed by densitometry at 510 nm.
Morphological observation: The neurons cultured for the indicated period were fixed with 4% paraformaldehyde and stained with hematoxylin, followed by observation with an IX70 microscope (Olympus, Tokyo, Japan).
RESULTS

Morphological change:
Neurons stimulated with C3 enzyme, DBcAMP or NGF for 24 hr under the primary cultures underwent similar but not identical morphological changes in their cell bodies and processes during the stimulation (data at 24 hr are not shown, but typical changes after 3 days are shown in Fig. 1 ). The cell bodies of neurons treated with C3 enzyme turned small and round, and the neurons formed many thin processes (Fig. 1A and 1B) . On the other hand, in the neurons treated with DBcAMP or NGF, the shape of the cell body remained asteroidal, and a few thick processes were formed (Fig. 1C and 1D) .
Effect of C3 enzyme on expression of proteins: Analysis of the protein components of neurons in the primary cultures by SDS-PAGE showed that at least three protein components were changed in concentration in the neurons treated with C3 enzyme (Fig. 2) . The concentrations of two components with molecular masses of 70 kDa and 40 kDa were increased by C3 treatment, while that of a 20-kDa component was decreased.
Changes in the LDH isozyme pattern:
The effect of C3 enzyme on the LDH isozyme pattern of neurons in the primary cultures was examined. A change in the pattern of LDH isozymes was observed after 3 days of treatment with C3 enzyme (Fig. 3A and 3B ). There was a time lag of 48 hr between the morphological change and the change of the LDH isozyme pattern. The total activities of LDH of neurons in the primary cultures were essentially unchanged by C3 treatment (data not shown), but the LDH isozyme pattern was changed (Fig. 4) . In the neurons treated with C3 enzyme, LDH1 and LDH2 decreased, while LDH4 and LDH5 increased, and LDH3 remained at the control level. On the other hand, in the neurons treated with DBcAMP or NGF, LDH1 and LDH2 increased, while LDH4 and LDH5 decreased.
DISCUSSION
It has been reported that C3 enzyme induced shape changes and process formation in PC-12 cells [15] , and that C3 enzyme and DBcAMP induced similar shape changes and process formation in NG108-15 cells [8] . In the present study, the morphological changes caused by C3 enzyme were slightly different from those caused by NGF or DBcAMP. This difference may be due to the difference of cells used (cell lines versus primary cultured cells) and due to differences of signal transduction mechanisms, since DBcAMP activates protein kinase A [18] , NGF activates a MAP-kinase [3, 6, 16] and C3 enzyme modifies Rho protein [19] .
In previous studies, it was not clarified whether or not the morphological changes were accompanied by changes of the cell components. The present SDS-PAGE experiments revealed that the amounts of proteins with molecular masses of 70 kDa and 40 kDa were increased, while the amounts of a 20 kDa protein was decreased by C3 enzyme treatment, suggesting enhancement and suppression of the synthesis of these proteins, respectively. Although these molecular changes may be related to the morphological changes of the neurons, their functions are not known.
We next analyzed the LDH isozyme pattern of the cells. The results showed that the changes in the LDH isozyme pattern occurred later than the morphological changes after treatment with C3 enzyme. The change in the LDH isozyme pattern was detected on day 3, while the morphological change was observed within 24 hr after C3 treatment. This time lag suggests that the expression of the LDH subunit gene is induced after the morphological change.
Qualitative changes in the LDH isozyme pattern were found with time, characterized by a shift toward an enhanced synthesis of the H subunit [20] . In our experiments, the overall H/M ratio was decreased from 0.95 to 0.67 in the neurons treated with C3 enzyme. This indicates that the production of the M-subunit of LDH was enhanced and the H-subunit production was suppressed. The synthesis of LDH isoenzymes containing mainly M subunits is specifically induced by hypoxia in rat astrocytes in primary production. The treatment of neurons with DBcAMP and NGF caused changes in the LDH isozyme pattern opposite to those caused by C3 enzyme treatment. The increased H/M ratio found here was similar to that previously reported in a study showing that the synthesis of the H-subunit was developmentally enhanced with time [20] . The enhanced production of the H-subunit induced by DBcAMP in our experiments is considered to be a normal response of neurons. These observations suggest that the expression of the LDH subunits in neurons is controlled by two routes; one route for the exogenous factor, C3 enzyme, and another route for the endogenous factor, DBcAMP. The route influenced by the C3 enzyme may affect the induction of neurite formation under conditions such as anaerobic state that occurs during ischemia. cell cultures [21] . In our experiments, although the Msubunit production in neurons treated with C3 enzyme was increased, the medium was not hypoxic in the primary cultures. This suggests that the metabolic conditions inside the neurons may have been in a state of lower oxygen consumption, resulting in induction of M-subunit
